STUDY QUESTION: What is the most reliable normalization strategy for sperm microRNA (miRNA) quantitative Reverse Transcription Polymerase Chain Reactions (qRT-PCR) using singleplex assays?
Introduction
RNA expression profiling is a thorough approach to untangle complex pathways regarding gene transcription and underlying biological processes (Kanakachari et al., 2015) . It constitutes a key aspect in basic research, pharmacogenomics and molecular diagnostics (Bustin, 2002) . Although RNA analysis can be performed by different techniques (Mestdagh et al., 2009; Chu and Corey, 2012; Kanakachari et al., 2015) , quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) constitutes one of the most widely used methods since it provides outstanding advantages of speed, accuracy and specificity (Mestdagh et al., 2009 ). This procedure firstly encompasses a RNA template reverse-transcription to complementary DNA (cDNA) followed by a quantitative (q) PCR (Van Rooij, 2011) . It is employed to identify differentially expressed genes in two situations, for the validation of high-throughput RNA screening (or multiplex analyses) and also in singleplex analyses (Pritchard et al., 2015) . Since the source of possible variations could be biological, but also artefactual, (e.g. differences in sample purification and collection, RNA isolation or target quantification) (Peltier and Latham, 2008) , the accuracy of qRT-PCR is critically dependent on data normalization, meaning the process of reducing technical errors (Wylie et al., 2011) .
Depending on the number of inputs of each particular assay, proper normalization strategies should be selected. In high-throughput analysis, it is possible to take advantage of the huge amount of data generated in order to obtain a normalization reference value. Therefore, global-mean normalization (a.k.a. Mean-Centering/MC method) is commonly selected for this purpose (Mestdagh et al., 2009) . Instead, in singleplex qPCR assays (qRT-PCRs with a low number of inputs, generally tens of RNAs) (Wylie et al., 2011) , normalization against a single reference gene or a combination of few genes is generally accepted. The ideal standard of a normalizer molecule would consist of a single nucleic acid with an invariant expression across samples, displaying similar extraction properties, storage stability and quantification efficiency than the interrogated transcripts (Peltier and Latham, 2008) . Unstable reference genes can drastically change the expression pattern and introduce flaws in results (Ferguson et al., 2010) . Thereby, the identification of appropriate reference normalizers is crucial in singleplex qRT-PCRs assays.
Sperm transcriptome analyses have become a main pillar of male fertility research (Li and Zhou, 2012) . In this field, microRNA (miRNA) expression profiling is considered as a key to integrate gene expression regulation processes. MiRNAs are small monocatenary RNA molecules (22-24 nucleotides) that are classified into the family of small noncoding RNAs (sncRNAs) (Luo et al., 2015) . Their main function is posttranscriptionally regulating gene expression by altering their target mRNAs translation (Ambros, 2001) . Generally, this process is triggered by the interaction of the miRNAs with the 3′ untranslated region of the target mRNA (Gangaraju and Lin, 2009) . Their implication in many biological functions as development, cellular proliferation, differentiation and apoptosis has been extensively reviewed (Shenoy and Blelloch, 2014) . Alterations in miRNA expression profiles have been related to human diseases, including male infertility (Lian et al., 2009; Abu-Halima et al., 2013; Salas-Huetos et al., 2015) .
MiRNA qRT-PCR data normalization supposes an even increased challenge as these molecules represent a tiny fraction within the total RNA mass amount. Moreover, this fraction can vary significantly across samples (Peltier and Latham, 2008) , thus increasing the difficulty of detecting differential expression patterns. Mean-Centering Restricted (MCR) strategy, designed by Wylie et al., (2011) as a variation of the normalizer MC method, was developed to calculate the mean expression value of fully-expressed miRNAs across samples. Nevertheless, this strategy loses robustness when less than a thousand inputs are analysed (Wylie et al., 2011) . In these cases, sncRNAs have been selected as reference controls, being RNU6B the most recurrent option for normalizing sperm miRNA qRT-PCR data (for a review of the literature see Table I ). Nevertheless, different reasons put into question the accuracy of this strategy. First, the nature of these small nuclear RNAs (snRNAs) is different to the quantified molecules; second, it has been proved in different cell types that their expression profile is highly . Marczylo et al. (2012) variable among individuals (Benz et al., 2013; Lamba et al., 2014) ; moreover, their invariant and uniform expression in human spermatozoa has not yet been documented. Other strategies have been considered for the identification of normalizer miRNAs with a uniform and ubiquitous expression. Some algorithms have been designed to select panels of miRNA candidates from highthroughput data. For example, geNorm and NormFinder have been previously implemented (Peltier and Latham, 2008) and increasingly employed. These approaches were designed to select as normalizer miRNAs whose expression values better correlate to the average global expression. Another example is the Concordance Correlation Restricted (CCR) algorithm. This approach was implemented for identifying miRNAs whose expression better resembles MCR values based on the Pearson correlation coefficient yielded to correction by the Concordance Correlation Coefficient (Lin, 1989) . In CCR, only fully-expressed miRNAs are considered. This restriction guarantees that the normalizers proposed are selected under an appropriate quality criteria (Wylie et al., 2011) .
RNU6B
In this study, we have compared four strategies to normalize sperm miRNA qRT-PCR data derived from studies performed in fertile and infertile individuals (Fig. 1) ; (i) MCR strategy (widely accepted due to its high reliability and here considered as the reference method); (ii) the expression value of the most commonly used normalizer in the literature: RNU6B; (iii) the individual expression of four miRNAs selected by the CCR algorithm for achieving the highest proximity to MCR method (hsa-miR-100-5p, hsa-miR-146b-5p, hsa-miR-92a-3p and hsa-miR-30a-5p); (iv) a combination of two of these miRNAs that displayed the better resemblance to MCR method.
The accuracy of these strategies when compared to MCR method was based on the set of differentially expressed miRNAs (DEmiRNAs) detected between populations, their predicted targets and the associated enriched biological processes. The primary endpoint of the study is to provide the best normalizer candidates for human sperm miRNA qRT-PCR singleplex assays.
Materials and Methods

Samples used and raw data analysis
Expression profile data were taken from previously published studies carried on 48 individuals classified into three groups: fertile donors (n = 10; Salas-Huetos et al., 2014), infertile patients with different seminal alterations (n = 30; Salas-Huetos et al., 2015) and normozoospermic infertile patients (n = 8; Salas-Huetos et al., 2016) . Samples evaluated in these studies were collected under the same conditions, processed through the same protocols and subjected to the same quality controls. Briefly, semen samples were obtained by masturbation after 3 days of sexual abstinence and processed by the somatic cell lysis method (Goodrich et al., 2007) . Isolation of total sperm RNA was performed by the TRIzol ® protocol (Life Technologies, Carlsbad, CA, USA) and the resulting RNA fractions were treated with rDNase I (Life Technologies). The absence of DNA was confirmed by a RT-PCR followed by a PCR for Protamine one gene (PRM1) and for Glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH). The absence of somatic RNA was checked by verifying the lack of ribosomal RNA in the samples using the RNA 6000 Nano chip (Agilent Technologies, Wilmington, DE, USA). Specifically, the absence of leukocyte RNA was verified by a RT-PCR followed by a PCR for the CD45 gene (Supplementary Table I ).
About 50 
Normalization methods
Expression data were normalized by subtracting the normalizing value from the raw Ct values. This process was performed by four different methods. Firstly, Ct values were normalized using the MCR method. R statistical computing environment v.3.2.3 (www.r-project.org) and the HTqPCR v.3.2 package for high-throughput analyses of qPCR data (www. bioconductor.org) were employed for calculations. Additionally, Ct values were normalized against the expression level of RNU6B (mean value of three replicates). Moreover, Ct values were also normalized against the expression of four miRNAs selected by CCR algorithm: hsa-miR-100-5p, hsa-miR-146b-5p, hsa-miR-92a-3p and hsa-miR-30a-5p. These four miRNAs were tested as normalizers separately by using their expression level as normalization value. Finally, Ct values were additionally normalized using the mean expression value of the two miRNAs that achieved the best results (i.e. hsa-miR-100-5p combined with hsa-miR-30a-5p).
Figure 1 Normalization strategies for sperm microRNA (miRNA) expression data evaluated in this study. Comparative analyses between the reference method and the alternative strategies were based on the number of differentially expressed miRNAs (DE-miRNAs), the corresponding predicted target genes, and the associated enriched biological processes. Ct, cycle threshold; snoRNA, small nucleolar RNA.
Evaluation of ubiquity and uniformity across samples and populations
Expression ubiquity for RNU6B was verified across samples by checking the inclusion of its Ct values among the Determined group (15 ≤ Ct ≤ 35). The ubiquity of the hsa-miR-100-5p, hsa-miR-146b-5p, hsa-miR-92a-3p and hsa-miR-30a-5p was already assured by using the CCR algorithm in their selection (this approach is based on constantly present miRNAs). The expression uniformity across samples of each tested normalizer was assessed by variance calculation: lower variance values indicate higher uniformity. To check expression uniformity between fertile and infertile populations, the mean expression value of each tested normalizer was compared using the Non-parametric Wilcoxon test; P-values <0.01 were considered significant after Benjamini-Hochberg False Discovery Rate (FDR) correction. For this purpose, The R Graphical User Interface Deducer (http://www.deducer.org/) was used.
Normalized data analyses
To identify DE-miRNAs in the infertile population, normalized Ct values of each miRNA were compared by non-parametric paired Wilcoxon rank sum test. P-values <0.01 were considered statistically significant after FDR correction. Analyses were performed separately for each normalization method.
DE-miRNAs target genes were predicted by DIANA micro-T CDS v.5.0 software (http://diana.imis.athena-innovation.gr/DianaTools/), considering a miRNA target gene score ≥0.8 as a threshold (highly restrictive). The enrichment of biological processes among targets was evaluated by a Gene Ontology (GO) search, using the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources v.6 (https://david.ncifcrf.gov/) considering as significant a P-value of <0.05 after Bonferroni correction. REViGO (Reduce and Visualize Gene Ontology) web server (http://revigo.irb.hr) (Supek et al., 2011) was employed, using a 0.7 cutoff value (default), to semantically classify and summarize GO terms in Clusters Representatives and Superclusters.
To evaluate the similitude of the DE-miRNAs results when comparing the different tested strategies with MCR method, Receiver Operating Characteristic (ROC) curve analyses were performed. Areas Under the Curves (AUC) were calculated from the sensitivity and specificity values obtained from each data set. These two indices are based on classification of the results into four categories: True Positives (TPs: results obtained either using the tested normalizer and the reference MCR method), False Positives (FPs: results obtained from the tested normalizer but not from MCR), True Negatives (TNs: negative results using the tested normalizer and the reference MCR method) and False Negatives (FNs: results obtained from MCR but not from the tested normalizer). Sensitivity was calculated by the . The proximity of the tested normalizing strategies to the reference MCR method was classified into the traditional academic point system: Excellent (0.9 ≤ AUC ≤ 1), Good (0.8 ≤ AUC < 0.9), Fair (0.7 ≤ AUC < 0.8), Poor (0.6 ≤ AUC < 0.7) and Failed (AUC < 0.6).
Regarding target genes and enriched biological processes, the percentages of TPs, FPs and FNs were calculated for each normalizer with respect to MCR results.
Results
Ubiquity and uniformity across samples and populations
All tested normalizers (RNU6B and the four miRNAs) were confirmed as ubiquitous across samples. Regarding variance analysis, three miRNAs candidates showed the lowest values (variance miR-92a-3p = 0.84; variance miR-100-5p = 1.03; variance miR-30a-5p = 1.23) indicating their high uniformity across samples. In contrast, RNU6B and hsa-miR146b-5p showed higher variance (variance miR-146b-5p = 1.80; variance RNU6B = 2.53) and thus lower expression uniformity (Fig. 2) . Concerning the evaluation of possible differential expressions of the tested candidates between the fertile and infertile group, none of the normalizing candidates showed a significant variation (P miR-100-5p = 0.18; P miR-146b-5p = 0.82; P miR-92a-3p = 0.99; P miR-30a-5p = 0.33; P RNU6B = 0.81) (Fig. 3) .
DE-miRNAs
Data normalized by the reference MCR method revealed 43 DEmiRNAs between the fertile and infertile populations. Table II presents the number of DE-miRNAs identified by the different normalization strategies ranging from 0 (when using RNU6B or hsa-miR-92a-3p) to 25 (when using the hsa-miR-100-5p and hsa-miR-30a-5p combination). (Table II) . TNs and FPs values oscillated within a smaller rank (n = 692-693 and n = 0-1, respectively; Table II ). The sensitivity displayed by each normalizer option showed a wide range of figures (sensitivity range = 0.0-0.6; Table II), whereas specificity showed high values in all cases (specificity values = 1.0; Table II ). ROC curve analyses (Fig. 4) revealed a Failed proximity to MCR by RNU6B, hsa-miR-92a-3p and hsa-miR-146b-5p normalized data (AUC = 0.5; Table II) . A Poor similarity was displayed by the hsa-miR-100-5p and the hsa-miR-30a-5p normalized data (AUC = 0.6; Table II ). The normalization by the mean expression of these two last miRNAs combined (hsa-miR-100-5p + hsa-miR-30a-5p) led to a Good proximity rank (AUC = 0.8; Table II ).
Predicted target genes and biological processes of the DE-miRNAs
About 7854 target genes were predicted from the DE-miRNAs obtained through MCR normalized data. For the compared normalizing strategies, no target genes were predicted in the cases of RNU6B and hsa-miR-92a-3p since no DE-miRNAs were previously detected. The number of target genes ranged from 235 (in the case of hsa-miR146b-5p) to 5676 (when using the combination of hsa-miR-100-5p and hsa-miR-30a-5p) (full lists available in Supplementary Table III) . Among the methods that use a single reference normalizer, the highest percentage of TPs was achieved by hsa-miR-100-5p normalized data (40.9%) followed by hsa-miR-30a-5p (34.2%) ( Table III) . The percentages of FNs obtained in these cases were 59.1% and 65.5%, respectively. The lowest TP percentages were displayed by hsa-miR-146b-5p (3.0%) normalized data. In this case, FN percentage was higher (97.0%). FP values remained ≤0.3 in all tested normalizers. The hsamiR-100-5p and hsa-miR-30a-5p combination allowed obtaining better TP values than when using any single normalizer (72.3%). This strategy also showed the lowest FN rate (27.4%) and a low FP percentage (0.3%).
Moreover, a total of 71 biological processes were found to be significantly enriched among the DE-miRNAs targets obtained from MCR normalized data. Alternative methods showed different numbers of results, varying from 0 (in the case of hsa-miR-146b-5p, since only 235 target genes were predicted) to 53 (in the case of the hsa-miR-100-5p and hsa-miR-30a-5p combination) biological processes (full lists available in Supplementary Table VI) . No biological processes were predicted in the cases of RNU6B and hsa-miR-92a-3p since no DE-miRNAs-and thus predicted target genes-were previously detected. Among the methods that use a single reference normalizer, the highest percentage of TPs was achieved by hsa-miR-100-5p (42.3%) and hsa-miR-30a-5p (33.8%) (Table III) . These result candidates showed a low rank of FNs (57.8-61.8% The scores were sorted according to their AUC, classified as Good (0.8 ≤ AUC < 0.9), Poor (0.6 ≤ AUC < 0.7) and Failed (AUC < 0.6) proximity to MCR results. percentage was achieved in the case of RNU6B, hsa-miR-92a-3p and hsa-miR-146b-5p. In all strategies, FP percentages remained ≤4.2%. The hsa-miR-100-5p and hsa-miR-30a-5p combination led to the highest TP rate (70.4%) and the lowest FN percentage (25.4%). REViGO classification summarized the GO terms associated to MCR normalized data in five Superclusters: 'Regulation of transcription from RNA polymerase II promoter', 'Cell part morphogenesis', 'Protein transport', 'Chromatin modification' and 'Movement of cell or subcellular component' (Fig. 5a) . Three Superclusters were derived from hsa-miR-100-5p normalized data: 'Regulation of transcription from RNA polymerase II promoter', 'Movement of cell or subcellular component' and 'Embryonic morphogenesis' (Fig. 5b) . Hsa-miR-30a-5p normalized data results were summarized uniquely in the Supercluster of 'Regulation of transcription from RNA polymerase II promoter' (Fig. 5c) . The combination of hsa-miR-100-5p and hsa-miR30a-5p revealed a distribution with five Figure 5 REViGO (Reduce and Visualize Gene Ontology) diagrams displaying the enriched biological processes obtained from data normalized using: (a) Mean-Centering Restricted (MCR); (b) Hsa-miR-100-5p; (c) Hsa-miR-30a-5p and (d) Hsa-miR-100-5p + hsa-miR-30a-5p. The predicted Gene Ontology (GO) terms are semantically classified in Cluster Representatives (lower-case letters) and Superclusters (capital letters). The size of each box is proportional to the number of GO terms related to the described biological function.
transcription from RNA polymerase II promoter', 'Cell part morphogenesis', 'Protein transport', 'Movement of cell or subcellular component' and 'Phosphorus metabolism' (Fig. 5d) .
Discussion
In the search for a valid normalizer molecule, able to be used in sperm miRNA singleplex quantifications, the validation of their ubiquity and uniformity across samples and populations is mandatory to guarantee their trustworthy use as a normalizer. Our results indicated that the expression of RNU6B, although ubiquitous and uniform between fertile and infertile populations, did not completely fulfill the requirements of a reliable normalizer due to its high variance. Alternatively, the four miRNA candidates achieved better results in the assessment of these three parameters.
The limitations of RNU6B were further verified based on the results of the DE-miRNAs analysis, their predicted target genes and the associated enriched biological processes. Data normalized against the expression of this molecule barely resembled the reference MCR results, showing a scant or null proximity of the corresponding ROC curves and TP percentages. The differences between the enriched biological processes based on the DE-miRNAs predicted targets from the differentially normalized data panels exemplify the consequences of an incorrect normalization strategy. Specifically, no target genes were detected in the prediction performed from RNU6B normalized results compared to the 7854 target genes determined from MCR normalized data. Moreover, none of the 47 enriched biological functions associated to MCR normalization were either detected by using RNU6B normalized results. Therefore, completely different conclusions would come out from the same data. As stated in the introduction, RNU6B has been frequently used in the literature as an endogenous reference gene for sperm miRNA profiling normalization AbuHalima et al., 2013 AbuHalima et al., , 2014 . Our results advise against the election of this snRNA for this purpose. Actually, the use of this molecule in miRNA quantification has been also questioned by other authors in other cell types (Wotschofsky et al., 2011; Benz et al., 2013; Wang et al., 2013; Lamba et al., 2014; Das et al., 2016) .
Concerning the four tested miRNAs, results derived from the use of hsa-miR-100-5p and hsa-miR-30a-5p stood out compared to the hsamiR-146b-5p and hsa-miR-92a-3p outputs. Although hsa-miR-92a-3p was proved to be the most uniformly expressed molecule, data normalized by this miRNA showed a poor similarity to MCR, not better than the obtained from RNU6B. Hsa-miR-146b-5p, besides maintaining a less uniform expression level, did not achieve a good proximity rank either. On the contrary, hsa-miR-100-5p and hsa-miR-30a-5p showed good results concerning ubiquity and uniformity across samples and populations besides displaying high proximity rates to MCR along all the performed analyses.
The possibility of selecting only one normalizer could be considered since normalization against the expression of a single reference control has been proved to be satisfactory in certain cases (Ohl et al., 2005) . Nevertheless, the selection of multiple reference molecules offers a more robust normalization (Vandesompele et al., 2002) since it minimizes the effect of sporadic technical failures and reduces a potential risk of fluctuations in their expression across samples and populations. This fact is reflected in our study since the usage of the combination of hsa-miR-100-5p and hsa-miR-30a-5p improved the outputs obtained in comparison of data normalized using these two normalizers separately. This can be easily seen when ultimately comparing the DAVID functional annotation results derived from the different normalization strategies through REViGO: diagrams obtained from MCR and this miRNA combination normalized data display a close similarity, while the remaining normalizing methods give rise to fairly different Supercluster distributions. All these evidences confirm a higher reliability of the hsa-miR-100-5p and hsa-miR-30a-5p combination in the miRNA normalization of data from sperm singleplex qPCR studies.
The incorporation of additional molecules to this panel (i.e. hsamiR-146b-5p and/or hsa-miR-92a-3p) was considered and tested. Nevertheless, no improvement was observed in the results obtained. For example, incorporating hsa-miR-92a-3p leads to an identical AUC value and reduces the percentage of TP target genes to 72.1% compared to the combination of hsa-miR-100-5p and hsa-miR-30a-5p, while adding hsa-miR-146b-5p to the panel reduces the AUC value to 0.7 and the percentage of TP target genes to 66.4% (data not shown). In the particular case of hsa-miR-146b-5p, although this miRNA had been previously taken as reference control in other expression studies (Torres et al., 2013; Solayman et al., 2016) , no previous use or validation of this normalizer in sperm miRNA quantifications had been reported so far. Besides these considerations, the inclusion of additional assays in the proposed combination of normalizers would imply an increase of the allocated costs of the study, which according to the benefits, can be considered unnecessary. Altogether, these reasons converge in the inconvenience of widening the number of molecules included in this selection and point out the use of the two miRNAs hsa-miR-100-5p and hsa-miR-30a-5p combined as the best strategy to normalize sperm miRNA quantification data.
Considering other normalization strategies, besides the ones reported in this article, two previous studies have made use of specific miRNAs: miR-548q (Metzler-Guillemain et al., 2015) and let-7b-5p (Belleannée et al., 2013) . Nevertheless, no supporting analyses testing the normalizing potential of these miRNAs have been provided so far. On the other hand, from a study performed by Applied Biosystems in 38 different tissues and 59 cell lines (Wong et al., 2007) , a set of six miRNAs (i.e. hsa-miR-26b, hsa-miR-92 and hsa-miR-92 N for tissues; hsa-miR-423, hsa-miR-374 and hsa-miR-16 for cell lines) are recommended as qRT-PCR data normalizers. However, these analyses did not comprise isolated spermatozoa among the analysed cells types, despite including testicular tissue.
In summary, evidence compiled in this study constitute a strong basis to propose the combination of hsa-miR-100-5p and hsa-miR30a-5p as an optimal normalization strategy for sperm miRNAs quantification. The combination of these two normalizers is suggested as the best election among all the interrogated candidates since it constitutes a balanced option between accuracy and cost. In spite of the widespread use in the literature of RNU6B for sperm miRNA singleplex qRT-PCR data normalization, our findings strongly advise against this strategy.
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